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X-ray resonant magnetic reflectivity (XRMR) allows for the simultaneous measurement of structural, optical
and magnetooptic properties and depth profiles of a variety of thin film samples. However, a same-beamtime
same-sample systematic quantitative comparison of the magnetic properties observed with XRMR and x-ray
magnetic circular dichroism (XMCD) is still pending. Here, the XRMR results (Pt L3 absorption edge) for the
magnetic proximity effect in Pt deposited on the two different ferromagnetic materials Fe and Co33Fe67 are
compared with quantitatively analyzed XMCD results. The obtained results are in very good quantitative
agreement between the absorption-based (XMCD) and reflectivity-based (XRMR) techniques taking into
account an ab initio calculated magnetooptic conversion factor for the XRMR analysis. Thus, it is shown
that XRMR provides quantitative reliable spin depth profiles important for spintronic and spin caloritronic
transport phenomena at this type of magnetic interfaces.
In the fields of spintronics1 and spin caloritronics2, the
generation and detection of pure spin currents play an
essential role. Here, a common device is a non-magnetic
material (NM) thin film used as spin current detector,
which is grown on a ferromagnet (FM). The NM Pt is
typically used for the conversion of the spin current into a
transverse charge voltage via the inverse spin Hall effect3
because of its large spin Hall angle4. For a quantitative
analysis however, one has to take other parasitic effects
into account, which can occur due to the closeness of Pt
to the ferromagnetic instability within the Stoner crite-
rion description5. In layered systems of Pt in contact to
a FM, the magnetic proximity effect (MPE) can generate
a spin polarized interface within the Pt. This can lead
to additional effects, e.g. a proximity-induced anoma-
lous Nernst effect in spin Seebeck experiments6,7 or a
proximity-induced anisotropic magnetoresistance in spin
Hall magnetoresistance studies8. It is therefore essential
to investigate and understand the MPE in systems, which
are used for the detection of pure spin currents.
Furthermore, the influence of the MPE on spin-orbit
torque (SOT) efficiencies is still under debate9–11. Pe-
terson et al.9 report an increase in the field-like SOT by
nearly a factor of 4 at 20 K, which is attributed to an
increased magnetoresistance caused by the MPE at low
temperatures. Contrarily, Zhu et al.10 claim negligible
influence of the MPE on SOT efficiencies, whereas an
enhancement of the MPE due to annealing was found.
A commonly utilized effect for analyzing the MPE is x-
ray magnetic circular dichroism12 (XMCD), mostly stud-
ied in multilayers of e.g. Pt adjacent to FMs such as Fe13,
Co14,15, and Ni16. Since the XMCD signal is an average
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over the whole Pt layer, a thickness variation is required
to obtain quantitative values for the magnetic moment
and the effective thickness of the spin polarized Pt in-
terface layer17–19 using, e.g., fluorescence yield as detec-
tion mode. Due to the MPE being an interface effect, a
more natural approach for its detection is x-ray resonant
magnetic reflectivity20,21 (XRMR). Here, changes in the
magnetooptic absorption ∆β and magnetooptic disper-
sion ∆δ make it directly sensitive to the magnetization
density along the normal q-vector, hence the magnetic
depth profile.
However, additional spectroscopic measurements or
calculations are necessary for a quantitative determi-
nation of the spin moments from an XRMR study as
compared to XMCD with its sum rules22–24. Usually,
the application of the sum rules to experimentally ob-
tained XMCD spectra is necessary to quantify and trans-
late the ∆β spectrum into the induced magnetic mo-
ment per atom. Another approach is the application of
a magnetooptic conversion factor derived from ab initio
calculations21, that has been used for obtaining magnetic
moments per Pt atom at the interface from the magne-
tooptic depth profiles of the XRMR fitting. A systematic
comparison of the Pt magnetic moments stemming from
a detailed XMCD sum-rule analysis and from the mag-
netooptic depth profiles of XRMR together with the ab
initio conversion factor within the same sample systems
has not been presented so far.
Therefore in this manuscript we tackle a detailed
quantitative comparison between the spin magnetic mo-
ments measured by the absorption-based (XMCD) and
reflectivity-based (XRMR) techniques for two sample
stacks consisting of bilayers of Pt (3-4 nm) adjacent to the
FMs Fe and Co33Fe67 (∼10 nm). The samples were pre-
pared by dc magnetron (co-)sputtering at room temper-
ature from elemental targets onto MgO(001) substrates.
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2The stoichiometry of the Co33Fe67 layer was verified by
x-ray fluorescence spectroscopy. The first sample, Pt/Fe,
is a standard combination when studying MPE13,21,25–27.
The latter sample, Pt/Co33Fe67, was chosen due to its
high magnetic moment and maximum MPE28. The de-
rived values for the maximum Pt magnetic moments in
those studies27,28 were 0.5±0.1µB and 0.72±0.03µB per
Pt atom for Pt/Fe and Pt/Co33Fe67 respectively, with a
typical thickness of 1.1 - 1.2 nm for the magnetic Pt layer.
The measurements were carried out at beamline P09 of
the third-generation synchrotron at DESY. XRMR was
measured in θ− 2θ scattering geometry, with a fixed en-
ergy and fixed helicity of the circular polarized incident
x-rays. The energy was chosen to be 1eV before14,21,27,29
the peak of the Pt L3 absorption edge
21, called the
whiteline, which was measured by x-ray absorption spec-
troscopy (XAS) as shown in Fig. 1. The corresponding
XMCD measurements were also carried out with a fixed
circular polarization of the x-rays. In order to magnetize
the samples and generate a magnetic contrast for the
measurements, the in-plane magnetic field was switched
between parallel and antiparallel orientation with respect
to the x-ray beam propagation, with a maximum ap-
plied magnetic field of ±150 mT. From the two spec-
tra for each edge, Pt L3 and L2, the averaged absorp-
tion XAS = I++I−2 and the difference signal defined as
XMCD = I+− I−, with the intensity I± for positive and
negative magnetic field, respectively, can be extracted.
The measurements were repeated with the opposite x-ray
helicity and the magnetooptic origin was verified by the
sign change of the XMCD signal. The magnetic signals
obtained for different photon helicities and magnetic field
directions were combined to improve the signal-to-noise
ratio and remove non-magnetic artefacts.
In Fig. 1, the measured XAS spectra for both sam-
ples together with the ab initio calculated absorption
spectrum21 are shown. They are relatively shifted in en-
ergy to match their peak position and scaled to the ab-
sorption coefficient β before and after the edge step. Also
shown are the calculated magnetooptic parameters ∆β
and ∆δ. The incoming x-ray energy used for the XRMR
measurements was particularly tuned to 1 eV below the
white line peak maximum (grey vertical line in Fig. 1), to
be in the maximum of the theoretical ∆β spectrum and
without any ∆δ contribution, thus, reducing the number
of fit parameters. The XRMR measurements were also
carried out twice, once with each circular polarization,
and for each of them, the nonmagnetic x-ray reflectivity
(XRR) I = I++I−2 and the asymmetry ratio ∆I =
I+−I−
I++I−
,
are calculated. Finally, the averages for the two photon
helicities and magnetic field directions are calculated to
improve data quality. Further information on the two
measurement techniques, the experimental details as well
as the XRMR fitting procedure can be found in the Sup-
plemental Material30 (including Ref.31–37).
Figures 2 (a) and (b) present the XRR curve and the
XRMR asymmetry ratio, respectively, for both samples.
For fitting the data, the absorption β of the Pt layer was
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FIG. 1. Calculated21 and experimental Pt L3 XAS spectra
scaled to the absorption coefficient β before and after the
edge jump. Also shown are the calculated magnetooptic pa-
rameters ∆δ and ∆β21. The calculated spectra were shifted
in energy to match the experimental XAS peak positions.
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FIG. 2. (a) Data and fits of the averaged resonant XRR
curves. (b) Resulting asymmetry ratios calculated from the
normalized difference of the two measurements with oppo-
site x-ray helicity. (c) Modelled magnetooptic depth pro-
files of ∆β together with the derived induced magnetic mo-
ment for the two samples (conversion factor taken as µPtspin =
∆β·5.14x106 µB/atom21). The optical depth profiles obtained
from the resonant XRR fit are also shown.
3taken from the XAS scans in Fig. 1, since this parame-
ter showed to have the largest influence on the quantita-
tive value of the resulting induced magnetic moments26.
Having the structural and optical parameters fixed from
fitting the XRR curves21,26, the asymmetry ratio signal
was modelled by the variation of a magnetooptic depth
profile. Since the energy was chosen to minimize the
influence of ∆δ (see Supplemental Material30 for further
information), only the spatial distribution and amplitude
of ∆β was varied during fitting ∆I. The modelled Gaus-
sian depth profiles of ∆β were convoluted with the rough-
nesses of the Pt/FM interfaces, resulting in the Gaussian-
like depth profiles shown in Fig. 2(c), which correspond
to the asymmetry ratio fits in Fig. 2(b). The ∆β profile
was converted into the induced Pt moment by the ab ini-
tio calculated conversion factor, see Fig. 2 (c), and for the
maximum Pt moment the peak value of the Gaussian-like
depth profile was taken.
For the Pt/Fe sample, we obtain a maximum mag-
netic moment of 0.47µB per Pt atom, which is in good
agreement with the values previously reported for simi-
lar Pt/Fe samples26,27. Although a similar moment was
found, the full width at half maximum (FWHM), an
indication for the extension of the spin polarization, is
slightly larger in the present work. We find a FWHM
of 1.6 nm within the 3.4 nm Pt layer, whereas previously
reported values are 1.1-1.2 nm. This can be explained by
a rather large roughness. When compared to the pre-
viously reported range of 0.45±0.10 nm for the interfa-
cial roughness for this kind of sample, the 0.55 nm at
the Pt/Fe interface of the present work is rather large.
This probably results in a stronger intermixing of Pt and
Fe and a therefore wider spin polarized Pt layer. For
the Pt/Co33Fe67 sample, we obtain a maximum value
of 0.67µB per Pt atom with a FWHM of 1 nm within
a 3.8 nm Pt layer. Here, the roughness is smaller be-
ing 0.38 nm, also indicating the interplay of interfacial
roughness and spread of the proximity-induced magne-
tization. These quantitative XRMR results are summa-
rized in Tab. I.
The XAS and XMCD spectra are presented in Fig. 3.
A clear dichroism can be seen for both samples at the Pt
L3 and L2 edges. For the determination of the orbital
and spin moments, the sum rules22–24 were applied. As
part of the data postprocessing, the pre-edge slope of the
XAS spectra were corrected by a linear fit and the spectra
were normalized to a L3-L2 edge jump ratio of R = 2.22
as experimentally found for pure Pt38. For the removal of
the continuum contribution, an experimentally obtained
Au reference spectrum has been subtracted, following the
procedure described in Ref.39. Due to the generally small
whiteline of Pt, the alternative approach of subtracting
a step function, as typically done in the soft x-ray range,
would lead to a large uncertainty contribution in the de-
termination of the spin and orbital moments40.
XAS spectra of 0.2µm thick Au and Pt (Ptref) films,
resembling the metallic state in terms of 5d holes, have
been collected. The Au spectrum has been stretched and
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FIG. 3. Experimental XAS for (a) the Pt/Fe sample and
(b) the Pt/Co33Fe67 sample at the L absorption edges of Pt.
The XAS data is averaged over the two x-ray helicities and
magnetic field directions and the XMCD signal is scaled by
a factor of 20 (filled area). Additionally shown is the Au ref-
erence absorption spectrum, shifted as described in the text.
The integration of the difference between the Pt/FM XAS sig-
nal and the Au XAS as well as the integration of the XMCD
signal is shown as dotted lines, for the XAS additionally indi-
cated as the shaded area. The XMCD signal has been fitted
with a Lorentzian to reduce the noise while integrating.
shifted in energy to match the extended x-ray absorption
fine structure features of the Ptref spectrum. By match-
ing the near edge features of the Ptref measurement to the
Pt/FM samples, accounting for small variations in energy
of the different measurements, the Au spectrum has been
scaled as shown in Fig. 3. The difference between the
XAS of the Pt/FM and the Au reference, called rPt/FM,
has been calculated as well as the difference between the
XAS of Ptref and of the Au reference (rPt, ref). The sub-
traction of the Au reference from the Ptref with the rela-
tive difference in 5d holes18,39 ndifh = 1.06 (n
Pt, ref
h = 1.80
and nAuh = 0.74) yields a scaling factor, which can be
used to determine the number of holes for the Pt/FM
samples41: n
Pt/FM
h = n
Au
h + rPt/FM n
dif
h /rPt, ref.
With the integration of the L3 XMCD signal p and the
total integrated XMCD signal, L3 + L2, q, the sum rules
4can be written as
morb =
2
3
n
Pt/FM
h
q
rPt/FM
; mspin = n
Pt/FM
h
(3p− 2q)
rPt/FM
.
(1)
The results can be found in Tab. I. The procedure for the
determination of the error bars for both methods can be
found in the Supplemental Material30 (including Ref.42)
together with a discussion on the orbital moments, which
are neglected in the following analysis.
While the stoichiometry of the FM in the Pt/Co33Fe67
sample was chosen to have the largest spin moment as
shown in a previous XRMR study28, the obtained value
from the XMCD analysis is smaller when compared to
the Pt/Fe sample. This can be explained by looking at
the results from the XRMR analysis displayed in Table I.
The Pt layer is slightly thicker for the Pt/Co33Fe67 sam-
ple and the FWHM of the spin polarized Pt is only two
thirds of the value for the Pt/Fe sample. This coincides
with the larger interfacial roughness of the latter sam-
ple. The obtained magnetic moments are relatively sup-
pressed by the non-magnetic Pt, thus contributing less to
the XMCD signal. Without a thickness variation of the
Pt, the quantitative values derived from the XMCD sum-
rule analysis give no information about the distribution
of the magnetic atoms in the case of induced magnetism
at the interface over a very small depth.
For the quantitative comparison between the two x-
ray techniques, the spin magnetic moments obtained
through XMCD are being renormalized by the scaling
factor tPt/tMPE, with the total Pt layer (tPt) and the
spin polarized Pt part (tMPE). For both samples these
scaled values, see Tab. I are in very good agreement
with mXRMRspin = 0.47µB vs. m
XMCD, scaled
spin = 0.49µB per
Pt atom and mXRMRspin = 0.67µB vs. m
XMCD, scaled
spin =
0.68µB per Pt atom, for Pt/Fe and Pt/Co33Fe67 respec-
tively. Despite the error bars being rather large, espe-
cially for the scaled XMCD spin moment, the obtained
spin moment values are still in very good agreement.
Being the first comparison of this kind, we can only call
for further such multi-modal studies of interfacial mag-
netism, both for systematic quantitative checks of con-
sistency between XRMR and XMCD as well as for the
inherent complementarity of these two probes. For sam-
ples with very high interfacial roughness or non conduct-
ing FMs, where no MPE is expected, and its presence is
caused by interdiffusion due to the sample preparation,
the differences in the quantitative results seem to get
larger as found for the inverted Y3Fe5O12/Pt structure
43.
This could be caused by the change of the atomic sur-
rounding of the Pt, limiting the applicability of the cal-
culated ab inito conversion factor or sum-rule analysis,
or other factors which cannot be described by at least
one of the two techniques without further investigations.
Concluding, it was shown within this work, that the
quantitative results of the XRMR analysis, including the
∆β-magnetic-moment conversion factor, are very much
comparable to the ones obtained by XMCD and a sum-
Pt/Fe Pt/Co33Fe67
tPt 33.7±0.5 A˚ 38.4±0.5 A˚
tMPE 15.6±1.0 A˚ 10.4±1.0 A˚
σPt/FM 5.5±0.5 A˚ 3.8±0.5 A˚
mXMCD, limorb <0.05µB <0.015µB
mXMCDspin 0.22±0.05µB 0.18±0.04µB
mXMCD, scaledspin 0.49±0.14µB 0.68±0.22µB
mXRMRspin 0.47±0.10µB 0.67±0.10µB
TABLE I. Results from XRMR (including ∆β-to-magnetic-
moment conversion) and XMCD sum-rule analysis. Dis-
played are the thickness of the Pt layer tPt, the FWHM of
the magnetic part of Pt tMPE and the interfacial roughness
σPt/FM as obtained from XRMR. The XMCD sum-rule anal-
ysis yields the spin moment mXMCDspin and an upper limit for
the orbital moment mXMCD, limorb . The value m
XMCD, scaled
spin =
tPt/tMPE ·mXMCDspin originates from the combination of XMCD
and XRMR. The mXMCD, scaledspin is the value that would have
been obtained by XMCD, if the complete Pt had been mag-
netic. The last value is the spin moment mXRMRspin as derived
from the XRMR analysis.
rule analysis for the given kind of samples. The devia-
tions of the results are only 4% and 2%, for Pt/Fe and
Pt/Co33Fe67 respectively. While XRMR and XMCD are
complementary methods and a multi-modal approach is
surely favourable in the case of unknown sample types, it
has been shown for the given sample type, that XRMR
can be used as a stand-alone quantitative method in the
analysis of magnetic depth profiles. The increase in mag-
netization in the NM due to the MPE must be known
for a quantitative analysis of phenomena such as SOT
efficiencies and spin Hall angle measurements. Espe-
cially, when comparing samples with slight variations in
the thickness of the NM and/or the spin polarized layer
(e.g. due to different growth conditions) or samples with
more than one interface of interest (e.g. trilayers with
asymmetric MPE44,45), any XMCD result alone for in-
stance can only reveal changes in the overall averaged
magnetic moment value and not the differences in the
magnetic moment distribution. Exactly the former case
has been highlighted in our presented study. However,
both information, the spatial distribution of magnetic
moments as well as its quantification, are now available
and confirmed using XRMR in combination with the reli-
able ∆β-magnetic-moment conversion factor for Pt being
µPtspin = 5.14x10
6 µB/atom.
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